INTRODUCTION
============

Diphtheria is a toxin-mediated respiratory disease caused by *Corynebacterium diphtheriae* with a high mortality rate and a range of symptoms through a systemic blood-borne infection ([@B1]). Tetanus is also a fatal disease caused by the exotoxin of *Clostridium tetani*, an anaerobic Gram-positive bacillus, which is ubiquitous in the soil and gastrointestinal tract of many animals. The organism can invade through a contaminated wound, as well as after surgery, burns, acute otitis media, periodontal infection, animal bites, miscarriage and pregnancy ([@B2]).

Natural protective immunity is not formed after being exposed to diphtheria and tetanus. According to a diphtheria and tetanus seroepidemiology study conducted in Korea, the seroprotective antibodies for these infections are not maintained in adults over the age of 20 yr ([@B3]-[@B5]). Therefore, the necessity of tetanus-reduced diphtheria (Td) vaccination became apparent, and was introduced in Korea in 2003 ([@B6]).

The Td vaccine currently distributed in Korea is manufactured from imported concentrates, as there is no manufacturer of the concentrate of this Td vaccine in Korea. Accordingly, to produce Td vaccine self-reliantly, the Korea Green Cross Corporation developed a vaccine, and obtained approval for a phase I clinical trial from the Korea Food & Drug Administration in 2009. Evidence of the immunogenicity and safety was offered by injecting this vaccine into the deltoid muscle of healthy adult men ([@B7]). The Td vaccine (GC1107-T7.5) used in the phase I clinical trial contained 7.5 Lf (flocculation units) of tetanus toxoid, which is higher than the 5 Lf tetanus toxoid contained in the Td vaccine distributed worldwide. The recent outbreak of pertussis has led to the recommendation of combined Tetanus, Diphtheria and Pertussis (Tdap) vaccinations to adolescents and adults in epidemic areas with a minimum 5-yr vaccination interval. In this situation, the high rate of adverse reactions of Td vaccination may create a great deal of concern due to this short interval of vaccination.

The objective of this study was to compare the immunogenicity and safety of a newly developed Td vaccine (GC1107-T5.0 and GC1107-T7.5) and control vaccine (Td pure®, SK Chemical, Seongnam, Korea). At the same time, this study was performed to select the proper dose of tetanus toxoid in the new Td vaccines for phase III clinical study.

MATERIALS AND METHODS
=====================

Study subjects and design
-------------------------

Healthy adolescents aged between 11 and 12 yr were invited to participate in this study. This clinical trial was a double-blind, randomized, multi-center trial, and was conducted in the pediatric departments of ten hospitals (The Catholic University of Korea, Seoul St. Mary\'s Hospital, St. Vincent\'s Hospital, Daejeon St. Mary\'s Hospital, Incheon St. Mary\'s Hospital and Bucheon St. Mary\'s Hospital, Wonju Yeonsei University Hospital, Keimyung University Dongsan Medical Center, Changwon Fatima Hospital, Chonnam National University Hospital, Korea Cancer Center Hospital). To ensure blindness among these trials, the clinical vaccine in dose group 1, dose group 2 and control vaccine group were packaged with the same appearance. Details of the subjects\' random code were managed under sealed conditions and were not opened until the end of the trial.

Based on the premise of a 98% production rate of diphtheria and tetanus protective antibody, a 5% allowable error for the trial and 5% level of significance, the necessary number of subjects was found to be 31 per group; 35 per group considering a 10% wastage rate (r = 0.1). The section standard of the subjects were children aged eleven to twelve, who had been vaccinated 5 times including 3 basic diphtheria-tetanus-acellular pertussis (DTaP) vaccinations and 2 booster DTaP vaccinations before they were 6 yr of age. Patients with a diphtheria antitoxin antibody titer and tetanus antitoxin antibody titer \> 1.0 IU/mL before the clinical trial, no proven vaccination history, and patients treated for fever, acute disease or chronic diseases were excluded. Antibody titers were measured before diphtheria and tetanus toxoid vaccination. If the diphtheria antitoxin antibody titer and tetanus antitoxin antibody titer were \< 1.0 IU/mL, the newly developed Td vaccine and control vaccine were injected by a random allocation. Blood sampling was conducted four weeks after vaccination to measure the antibody titer. All subjects were observed for immediate adverse reactions for 30 min after vaccination. During the period of the visit for blood sampling and 2 weeks after blood sampling, the incidence of adverse reactions after vaccination was recorded through a diary card and telephone call.

Vaccine and administration
--------------------------

The new Td vaccine used in dose group 1 was a GC1107-T5.0 vaccine containing tetanus toxoid 5.0 Lf and diphtheria toxoid 2.5 Lf. The new Td vaccine used in dose group 2 was a GC1107-T7.5 vaccine containing tetanus toxoid 7.5 Lf and diphtheria toxoid 2.5 Lf. The active control vaccine used in dose control group was a Td pure® (SK Chemical, Seongnam, Korea) containing tetanus toxoid 5.0 Lf and diphtheria toxoid 2.5 Lf. The diphtheria seed bacteria of the GC1107-T5.0 vaccine and GC1107-T7.5 vaccine was the *Corynebacterium diphtheriae*Park Williams \#8 strain. The tetanus seed bacteria was the *Clostridium tetani*Harvard strain. The diphtheria seed bacteria of the control vaccine group was also the *Corynebacterium diphtheriae*Park Wiliams \#8 strain, but the tetanus seed bacteria was the *Clostridium tetani*Massachusetts F1 strain. Both the newly developed Td vaccine and control vaccine included the adjuvant and alum salt, and were pre-filled vaccines with a dose of 0.5 mL. The colors were light yellow or white, which could not be identified visually, and the vaccines were preserved in a refrigerator at 2-8℃. The vaccine was injected in the deltoid muscle of the selected subjects, and any immediate hyperimmune reaction was observed carefully for thirty minutes after the injection.

Immunogenicity assessment
-------------------------

Blood samples (3-5 mL) were collected before the injection and 4 weeks after the injection. Serum samples were kept at -70℃ until analysis. Two different types of enzymes linked immunosorbent assay kits (kit number RE56191 for diphtheria and RE56901 for tetanus) from the same company (IBL, Hamburg, Germany) were used to determine the serum antibody levels to diphtheria and tetanus according to the manufacturer\'s instructions. The antibody levels ≥ 0.1 U/mL against diphtheria or tetanus toxoid were considered indicative of seroprotection. A group comparison was also conducted by calculating the geometric mean titer (GMT) against diphtheria and tetanus toxoid before and after vaccination.

Safety assessment
-----------------

The subjects\' parents were given diary cards and asked to record any solicited local adverse reactions or solicited systemic adverse reactions that occurred during the 4 week (Days 0-28) follow-up after vaccination. All subjects were monitored for an additional 2 week (Days 42-49) safety follow-up period for unscheduled hospital visits and serious unsolicited adverse events. The symptom intensity was graded on a scale of 0-3 with \'Grade 0\' representing an absence of symptoms and \'Grade 3\' representing a symptom that prevented normal activity, redness or swelling with a diameter ≥ 30 mm, or an axillary temperature ≥ 39.0℃. All unsolicited adverse events and serious adverse events that occurred during the 6 week study period were also monitored. The causal relationships between the adverse events and vaccination were evaluated. For all adverse reactions, it was followed up until it was resolved, the patient\'s state became stable or the relationship between the adverse reaction and vaccination was evaluated.

Statistical analysis
--------------------

For the demographic status, the mean, median, standard deviation, minimum value and maximum values, were used to determine if there was a significant difference among the groups. The differences among the groups were indicated by a t-test. For immunogenicity analysis, the protective antibody titers of diphtheria and tetanus were evaluated after the clinical trial vaccination with the 95% confidence interval. Before and after vaccination, GMT was calculated with the 95% confidence interval. The ratios before vaccination to after vaccination were calculated with the 95% confidence interval. In safety surveillance, for Group GC1107-T5.0, Group GC1107-T7.5 and the control group, all solicited local and systemic adverse reactions observed up to seven days after vaccination and all unsolicited adverse reactions observed up to 42 days after vaccination were evaluated. The number of adverse reactions and the percentage among study subjects were calculated with the 95% confidence interval. A chi-square test or Fisher\'s Exact test were used to compare the adverse reactions of the three groups.

Ethics statement
----------------

The protocol and associated documents were reviewed and approved by the institutional review board of each study hospital. The numbers of the approved documents of each hospital are listed as follows: Seoul St. Mary\'s Hospital (XC11MDMS0089K), Daejeon St. Mary\'s Hospital (XC11MDMS0089D), Incheon St. Mary\'s Hospital (XC11MDMS0089O), Bucheon St. Mary\'s Hospital (XC11MDMS0089H), St. Vincent\'s Hospital (XC11MDMS0089V), Wonju Christian Hospital (CR111020), Chonnam National University Hospital (CNUH-2011-122), Changwon Fatima Hospital (11-15), and Korea Cancer Center Hospital (K-1108-001-003), Keimyung University Dongsan Medical Center (11-155). This clinical trial was carried out according to Korean Good Clinical Practice (KGCP: Korea Food and Drug Administration Registration No. 2009-211, December 22, 2009) and ICH standard, and observed the principle of the Helsinki Declaration prioritizing the subjects\' rights, benefits and safety. The principal investigator and people in charge received informed consent from the study participants or legal guardians after explanation of the attributes, scope, and expected result of this clinical trial.

RESULTS
=======

Study subjects
--------------

A total of 223 subjects were enrolled in this clinical trial. Among these subjects, a total of 77 subjects was eliminated during the screening process; 6 and 71 subjects withdrew voluntarily, or were exempted due to violation of selection criteria, respectively. A total of 146 subjects was randomized. Of the 146 (safety analyzed subjects) subjects who completed the trial, 15 were eliminated; 4 for violations of the selection and exclusion criteria, 10 for randomization errors, and 1 for clearing blindness. Overall, 130 (per protocol analyzed subjects) were included; 44 in the GC1107-T5.0 group, 42 in the GC1107-T7.5 group and 44 in the control group ([Fig. 1](#F1){ref-type="fig"}). The safety analyzed subjects included 68 (46.58%) males and 78 (53.42%) females: 17 (34.69%) males and 32 (65.31%) females in Group GC1107-T5.0; 24 (48.98%) males and 25 (51.02%) females in Group GC1107-T7.5; and 27 (56.25%) males and 21 (43.75%) females in the control group. The gender ratio, age, height and weight were similar in the three groups ([Table 1](#T1){ref-type="table"}).

Immunogenicity
--------------

After the clinical trial vaccination according to the protocol, protective antibody to diphtheria was produced in 100% of the three groups. The GMT against diphtheria before the vaccination was 0.34 in Group GC1107-T5.0, 0.31 in Group GC1107-T7.5 and 0.31 in the control group. GMT increased in all three groups after the vaccination. The GMT was 6.53 in Group GC1107-T5.0, 6.11 in Group GC1107-T7.5 and 3.96 in the control group. The GMT was significantly higher in Group GC1107-T5.0 and GC1107-T7.5 than in the control group after the vaccination ([Table 2](#T2){ref-type="table"}).

Before the vaccination, the GMT against tetanus was 0.33 in Group GC1107-T5.0, 0.26 in Group GC1107-T7.5 and 0.30 in the control group. GMT level increased in all three groups after the vaccination. After the vaccination, it was 18.6 in Group GC1107-T5.0, 19.94 in Group GC1107-T7.5 and 19.01 in the control group.

The geometric mean titer ratio (GMR) of diphtheria before and after the vaccination was 19.45 in Group GC1107-T5.0, 19.83 in Group GC1107-T7.5 and 12.88 in the control group. The GMR of tetanus before and after the vaccination was 55.52 in Group GC1107-T5.0, 75.60 in Group GC1107-T7.5 and 62.34 in the control group. The GC1107-T5.0 group showed similar immunogenicity against tetanus when compared to the control group, but GMT level of anti-tetanus antibody in the GC1107-T5.0 group was significantly higher than that of the control group ([Table 3](#T3){ref-type="table"}).

Safety
------

Adverse reactions were observed in 122 cases in 36 subjects (73.5%, 36/49 people) in Group GC1107-T5.0, 103 cases in 33 subjects (67.4%, 33/49) in Group GC1107-T7.5, and 90 cases in 30 subjects (62.5%, 30/48) in the control vaccine group. The total number of adverse reactions was similar in the three groups. Solicited adverse reactions were observed in 110 cases in 34 subjects (69.4%, 34/49 people) in Group GC1107-T5.0, 85 cases in 30 subjects (61.2%, 30/49) in Group GC1107-T7.5 and 80 cases in 29 subjects (60.4%, 29/48) in the control group. No significant differences in the solicited adverse reactions were observed among the groups.

An analysis of the solicited local adverse reactions revealed the following. In Group GC1107-T5.0, 31 subjects experienced pain, (63.3%, 31 cases), 24 subjects experienced induration, (49.0%, 24 cases), 15 subjects experienced redness (30.6%, 15 cases) and 15 subjects experienced swelling, (30.6%, 15 cases). In Group GC1107-T7.5, 29 subjects experienced pain, (59.2%, 29 cases), 17 subjects experienced induration, (34.7%, 17 cases), 12 subjects experienced redness (24.5%, 12 cases) and 10 subjects experienced swelling (20.4%, 10 cases). In the control vaccine group, 29 subjects experienced pain, (60.4%, 29 cases), 20 subjects experienced induration, (41.7%, 20 cases), 14 subjects experienced redness, (29.2%, 14 cases) and 12 subjects experienced swelling, (25%, 12 cases). The adverse events in each group were all adverse drug events. For the solicited local adverse reactions over \'Grade 3\', there were 3 subjects (6.1%) in Group GC1107-T5.0 (2 cases of \'pain\' and 2 cases of \'redness\'), 3 subjects (6.1%) in Group GC1107-T7.5 (1 case of \'redness\' and 3 cases of \'swelling\') and 3 subjects (6.3%) in the control group (2 cases of \'redness\' and 1 case of \'swelling\').

For solicited systemic adverse reactions, in Group GC1107-T5.0, 11 subjects experienced \'myalgia\' (22.5%, 11 cases), 6 subjects experienced \'headache\' (12.2%, 6 cases), 3 subjects experienced \'joint pain\' (6.1%, 3 cases), 1 subject experienced \'rash\' (2.0%, 1 case), 2 subjects experienced \'indigestion\' (4.1%, 2 cases) and 1 subject experienced chill (2.0%, 1 case). In Group C1107-T7.5, 6 subjects experienced \'myalgia\' (12.2%, 6 cases), 5 subjects experienced \'headache\' (10.2%, 5 cases), 2 subjects experienced \'rash\'(4.1%, 2 cases), 1 subject experienced \'indigestion\'( 2.0%, 1 case), 1 subject experienced \'chill\' (2.0%, 1 case), 1 subject experienced \'sweating\' (2.0%, 1 case) and 1 subject experienced \'allergic reaction\' (2.0%, 1 case). In the control group, 2 subjects experienced \'myalgia\' (4.2%, 2 cases) and 3 subjects experienced \'headache\' (6.3%, 3 cases). The adverse events presented in each group were all adverse drug events. For the solicited systemic adverse events over \'Grade 3\', 1 subject (2.0%) in Group GC1107-T5.0 experienced a case of \'joint pain\', 1 subject (2.0%) in Group GC1107-T7.5 experienced a case of \'indigestion\', but there were no such events in the control vaccine group ([Table 4](#T4){ref-type="table"}).

An analysis of the unsolicited adverse events revealed 12 adverse reactions in 10 subjects (20.4%, 10/49 people) in Group GC1107-T5.0, 18 cases in 11 subjects (22.5%, 11/49 people) in Group GC1107-T7.5 and 10 cases in 9 subjects (18.8%, 9/48 people) in the control vaccine group.

No significant differences in the number of adverse reactions, prevalence and degree of severity of the solicited and unsolicited adverse reactions were observed among the 3 groups. In addition, there was no statistical significance in the rate of solicited adverse events over grade 3 among the three groups. All adverse reactions resolved within 3 days without the need for medical management.

DISCUSSION
==========

Tetanus is an important infectious disease that still affects hundreds of thousands of people annually worldwide ([@B2],[@B8]), and small number of tetanus cases continue to be reported in our country ([@B9]). Also, diphtheria occurs in regions where vaccinations are not performed routinely ([@B1],[@B10]). Therefore, prevention of these diseases through vaccination is essential. In this aspect, tetanus and reduced diphtheria (Td) vaccine is provided for adolescents (11 to 12 yr of age) to maintain long-term immunity as an National Immunization Program (NIP) vaccine in Korea since 2005 ([@B11]).

As of 2012, only one Td vaccine, manufactured by SK Chemical, is currently available, and there is no manufacturer of concentrates of diphtheria and tetanus toxoid in Korea. To produce Td vaccine self-reliantly, the Korea Green Cross Corporation developed \'GC1107\'. The completion of \'GC 1107\' is expected to resolve the significant instability in vaccine supply and to allow the supply of raw material from domestic sources. Moreover, national competitiveness will be strengthened, which will contribute to better public welfare.

As a main objective finding of our study, the new Td vaccines (GC1107-T5.0 and GC1107-T7.5) showed marked boost responses against diphtheria and tetanus. In fact, the seroprotection rates of GC1107-T5.0 and GC1107-T7.5 against diphtheria and tetanus were 100%, which are the same as those of SK-Chemical Td pure® (100%) in studies conducted by Kang et al. ([@B11]) and Lee et al. ([@B12]). The anti-toxoid diphtheria and tetanus antibody levels after vaccination were more than 1.0 IU/mL in all subjects who received the new Td vaccines. The comparison vaccine group showed similar results.

The anti-diphtheria antibody levels after vaccinations were sharply elevated in all groups. However, the anti-diphtheria antibody levels of the new Td vaccine groups were significantly higher than the level of the active control group ([Table 2](#T2){ref-type="table"}). This result was not seen in previous phase I study which was conducted by Lee et al. ([@B7]). We hypothesize that this difference may be caused by the high titer of diphtheria toxoid in the new Td vaccines. The new Td vaccine was developed with an enhanced manufacturing method that consists of fermentation followed by a purification process containing gel filtration. Hence, the diphtheria toxoid titer per protein unit of the new Td vaccines is higher than that of the control vaccine. Also, anti-tetanus anti-body levels after vaccinations were markedly elevated in all groups. And the anti-tetanus antibody level of GC1107-T7.5 group was higher than the level of the control group ([Table 3](#T3){ref-type="table"}). This result was similar to a previous phase I study which was conducted by Lee et al. ([@B7]). As mentioned in the method of this study, the tetanus toxoid level of GC1107-T7.5 is higher than that of control vaccine. This result may be caused by the higher level of tetanus toxoid. There are few immunogenicity studies concerned with Td vaccines, with especially limited data in adolescents. However, variable booster immune responses to Td vaccines have been reported in previous studies ([@B13]-[@B16]). These investigators suggest that the extent of the antibody levels after Td vaccinations may show inter-individual variability depending on immune responses, different individual vaccination backgrounds, and different Td vaccines. Unfortunately, the number of study subjects in the current study was not sufficient to evaluate the causes of these differences. Also, this study has the same limitation, emphasizing the need to conduct large-scale clinical studies to confirm the causalities and differences in the future.

Generally, the Td vaccine is a safer vaccine with lower rates of adverse reactions than DTaP. The common local adverse reactions include pain in the injection site (55%) followed by swelling (13.9-19.8%) and redness (13.9-19.6%). Systemic adverse reactions include headache (30.9-37.5%), fatigue (30.9-37.5%), gastrointestinal problems (6.9-17.4%) and fever (5.4-5.6%) ([@B13], [@B17]-[@B19]). According to Lee et al. ([@B12]), the local adverse reaction rate and systemic adverse reaction rate in Korean children was 82.6% and 25%, respectively. The local adverse reactions included pain (69.7%), swelling (48.5%), redness (48.5%) and itching sensation (9.1%), whereas systemic adverse reactions included fatigue (12.9%), headache (6.1%), fever (3.8%), gastrointestinal problems (3%) and respiratory symptoms (3%).

In this study, the rates of local adverse reactions were 67.3% and 59.1% in GC1107-T5.0 and GC110-7.5, respectively, which were slightly lower than reported by Lee et al. ([@B12]). The rates of systemic adverse reactions were similar in groups GC1107-T5.0, GC110-7.5 and those reported by Lee et al. ([@B12]). The type of local adverse reactions in the 2 new Td vaccines included pain, induration and redness, which were similar to other studies. The type of systemic adverse reactions included myalgia and headache, which were similar to those reported in other studies ([@B12]). The rates and degree of solicited and unsolicited adverse reactions, as well as the rates of severe, solicited grade 3 adverse reactions were similar. All the adverse reactions resolved within 3 days of vaccination. There were no serious adverse reactions, such as Arthus reaction or anaphylaxis, requiring emergency management. Also there was no relationship between the extent of antibody increase and adverse reactions. We suggest that this result may be correlated with low antibody titers against diphtheria and tetanus in our study subjects before vaccination.

Recently, due to outbreaks of pertussis in adolescents and adults, a Tdap vaccination is recommended with a 5 yr minimum vaccination interval in epidemic areas. In this case, the vaccination interval is short and there is a concern that it can cause adverse vaccination effects after Td vaccination. Recently some investigators indicate that the risk of those adverse reactions varied by age and by prior receipt of tetanus and diphtheria containing vaccines, with short intervals less than 2 yr associated with an increased incidence of local injection site reactions ([@B20]-[@B22]). In this aspect, it is very important to avoid undesirable adverse effects of tetanus and diphtheria vaccines, and the development of more safe and immunogenic Td vaccines will be needed.

Both GC1107-T5.0 and GC1108-T7.5 vaccines showed 100% seroprotection rates against diphtheria and tetanus with high antibody titers. This result indicates that the new Td vaccines are effective for preventing diphtheria and tetanus. These vaccines showed similar low rates of adverse reactions when compared to SK-Chemical Td pure®. Thus, both the new Td vaccines appear to be safe and show good immunogenicity. Of the 2 vaccines, GC1107-T5.0, which contains relatively small amounts of tetanus toxoid, has been finally selected for a phase III clinical study on the basis of the results.
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Demographic characteristics of safety analyzed subjects in study groups and control group
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GMT against diphtheria levels and ratio before and after vaccination in study groups and control group
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*P* value test I; comparison result between GC1107-T5.0 and Td pure®. *P* value test II; comparison result between GC1107-T7.0 and Td pure®. GMT, geometric mean titer; GMR, geometric mean rate; Prevac, prevaccination; Postvac, postvaccination.
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GMT against tetanus levels and ratio before and after vaccination in study groups and control group
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*P* value test I; comparison result between GC1107-T5.0 and Td pure®. *P* value test II; comparison result between GC1107-T7.0 and Td pure®. GMT, geometric mean titer; GMR, geometric mean rate; Prevac, prevaccination; Postvac, postvaccination.
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Solicited adverse events of safety analyzed subjects in study groups and control group
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AR, Adverse reactions.
